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Transfection technology for malaria parasites provides a valuable tool for analyzing gene function and
correlating genotype with phenotype. Transfection models are even more valuable when appropriate animal
models are available in addition to complete in vitro systems to be able to fully analyze parasite-host
interactions. Here we describe the development of such a model by using the nonhuman primate malaria
Plasmodium knowlesi. Blood-stage parasites were adapted to long-term in vitro culture. In vitro-adapted
parasites could readapt to in vivo growth and regain wild-type characteristics after a single passage through
an intact rhesus monkey. P. knowlesi parasites, either in vitro adapted or in vivo derived, were successfully
transfected to generate circumsporozoite protein (CSP) knockout parasites by double-crossover mechanisms.
In vitro-transfected and cloned CSP knockout parasites were derived in a time span of only 18 days. Micro-
scopic evaluation of developing oocysts from mosquitoes that had fed on CSP knockout parasites confirmed the
impairment of sporozoite formation observed in P. berghei CSP knockout parasites. The P. knowlesi model
currently is the only malaria system that combines rapid and precise double-crossover genetic manipulation
procedures with complete in vitro as well as in vivo possibilities. This allows for full analysis of P. knowlesi
genotype-phenotype relationships and host-parasite interactions in a system closely related to humans.

The development of transfection technology for blood-stage
malaria parasites (16, 23–25, 28, 29) is of great importance in
the postgenomic era. It provides a direct way in which to
correlate genotype with phenotype, and this enhances the fur-
ther understanding of parasite biology. This will facilitate ra-
tional design of new vaccines and drugs, which are urgently
needed to fight the malaria epidemic that kills annually be-
tween 1.5 and 2.7 million people, mainly young children, in
Sub-Saharan Africa alone (7).

Four species of Plasmodium are natural to humans (9), and
two of them, Plasmodium falciparum and Plasmodium vivax,
are the most prevalent and important in terms of disease.
Phylogenetically, P. falciparum, the more deadly form of the
two, forms a separate clade with Plasmodium reichenowi, which
causes chimpanzee malaria, and P. vivax clusters with simian
malarias (11). The nonhuman primate malaria, caused by Plas-
modium knowlesi, a natural parasite of Macaca fascicularis, has
a relatively broad host range extending to humans, where it
causes a mild disease (8). The parasite is closely related to P.
vivax (11), and many genes identified in P. vivax have homo-
logues in P. knowlesi. To date, transfection techniques devel-
oped for malaria parasite blood stages (26) include episomal
transfection and targeted integration with linear constructs for
the rodent parasite Plasmodium berghei (24, 25), episomal
transfection and targeted integration with circular DNA for
the human parasite P. falciparum (28, 29), and episomal trans-

fection for the nonhuman primate malaria parasites P.
knowlesi (23) and Plasmodium cynomolgi (16). Targeted inte-
gration experiments in P. falciparum, exploiting the results
from the genome project (4, 12), are time-consuming, requir-
ing several cycles of drug pressure to select for integration
events based on a single crossover (28). In addition, this system
offers only restricted in vivo possibilities in scarce New World
primate sytems. The P. berghei system offers a rapid targeted
integration regime through double crossover (24). It has, how-
ever, only limited in vitro possibilities for blood-stage parasites
due to reticulocyte restriction, precluding in vitro transfection
and selection procedures and thus, for example, the use of
selectable markers that are toxic to the host.

P. knowlesi offers an especially powerful experimental sys-
tem, since both the natural host, M. fascicularis, and an exper-
imental host, Macaca mulatta, are phylogenetically close to
humans. Genetic manipulation of this parasite species (23)
offers the unique possibility to study parasite-host interactions
in a system that is highly predictive for the human situation (14,
15). A complete in vitro transfection and selection system for
this parasite would greatly enhance the experimental possibil-
ities, since some analyses could be carried out without any
requirement for primates. Furthermore, where host-parasite
interactions are being studied, in vitro selection of the cloned
parasite of the correct genotype can be assured before primate
use is required. Publications on in vitro cultivation of P.
knowlesi blood-stage parasites are scarce, and the reported
technology is cumbersome (5, 22, 27). Culture medium was
refreshed at least twice daily (5), red blood cells were added
five times per week leading to up to 40% erythrocyte concen-
trations, and multiplication rates of �2.5 per 24-h lifecycle

* Corresponding author. Mailing address: BPRC, Department of
Parasitology, Lange Kleiweg 139, 2280 GH Rijswijk, The Netherlands.
Phone: (31) 15-2842-538. Fax: (31) 15-2843-986. E-mail: thomas@bprc
.nl.

655



were reported (5, 27). These labor-intensive culture conditions
do not allow the generation of enough parasites of good quality
to perform transfection experiments.

We set out to develop a complete in vitro system for P.
knowlesi to allow long-term in vitro culture and an extremely
rapid procedure for in vitro transfection, selection, and cloning
of transfected parasites. In addition, we further developed the
in vivo and in vitro transfection technology for P. knowlesi to
include targeted integration with linear constructs. This was
demonstrated by targeting the circumsporozoite protein (CSP)
locus and phenotypical analysis of the CSP knockout. The P.
knowlesi system now is the only malaria system that combines
rapid genetic manipulation procedures with complete in vitro
as well as in vivo possibilities, allowing full analysis of geno-
type-phenotype and parasite-host relationships in a host
closely related to humans.

MATERIALS AND METHODS

Parasites and animals. P. knowlesi Nuri (21) and H strain (8) cryopreserved
stocks were used to initiate blood-stage infection in rhesus monkeys by intrave-
nous inoculation of 105 parasites. In vitro cultures were started with the same
parasite strains.

Adult rhesus monkeys (M. mulatta) of either sex, each weighing over 4 kg,
were used in these studies. They were infected with cryopreserved stocks of P.
knowlesi, in vitro-adapted blood-stage P. knowlesi parasites, or blood from an-
other rhesus monkey. All experimental animal work in these studies was carried
out under protocols approved by the independent Institutional Animal Care and
Use Committee and performed according to Dutch and European laws.

Long-term in vitro culture of P. knowlesi. In vitro cultures were initiated with
either cryopreserved or fresh P. knowlesi parasites isolated from an infected
rhesus monkey. Rhesus red blood cells were used to culture P. knowlesi. White
blood cells were removed by Plasmodipur filtration (Eurodiagnostica, Apel-
doorn, The Netherlands), and red cells were stored for up to 2 weeks in RPMI
at 4°C. Parasites were grown in static cultures at 36.5°C under reduced oxygen
conditions (5% CO2, 5% O2, 90% N2) in RPMI 1640, supplemented with 20%
pooled, heat-inactivated rhesus serum and rhesus erythrocytes at a 2.5% hemat-
ocrit. During the adaptation period medium was changed every 24 h, and fresh
erythrocytes were added every 4 days to a maximum hematocrit of 5%. Once they
had been established in culture, parasites were maintained under the same
conditions except for medium changes every 48 h and subculturing when para-
sitemias exceeded 5%. Parasitemia was determined by microscopic examination
of Giemsa-stained thick and thin films prepared from the cultured material at
regular intervals. The culture-adapted parasites were subsequently adapted to
growth in RPMI 1640 supplemented with 20% pooled, heat-inactivated human A
or AB serum, by using a similar strategy. Parasites were cryopreserved at the
young ring stage of development by standard protocols (19). Cloning of culture
adapted P. knowlesi was performed by limiting dilution.

Transfection constructs. All transfection constructs contained a heterologous
selection cassette based on mutagenized Toxoplasma gondii dihydrofolate reduc-
tase/thymidine synthase gene (dhfr/ts) conferring pyrimethamine resistance,
flanked by P. berghei dhfr/ts flanking sequences (17).

Sequences for P. knowlesi CSP locus were retreived from GenBank entries
(accession numbers K00822 and M19749). To prepare a CSP knockout construct,
5� and 3� regions from CSP were amplified by PCR. These regions were as
follows: 5� nucleotides (nt) �1495 to �560 and 3� nt 1 to 1089 (for numbering,
nt 1 is the start of open reading frame [ORF]). Through a series of cloning steps
plasmid pDB.DTm.DB/CSPko was derived (Fig. 1A). After purification on Plas-
mid Maxi columns (Qiagen), the vector backbone was excised from the construct
by EcoRI digestion, and the linear DNA was used for transfection of P. knowlesi.
Recombinant DNA manipulations and analyses were performed according to
standard procedures (20).

Transfection procedures and selection of transfected parasites. Transfection
of mature blood-stage schizonts of P. knowlesi H-strain derived from a donor
rhesus monkey and in vivo selection of transfected parasites by using oral dosing
of pyrimethamine were performed as described previously (23), except that
pyrimethamine was given at 1 mg/kg of body weight daily for five consecutive
days and thereafter every other day until the end of the experiment. For trans-
fection of culture-adapted parasites, up to 2 ml (packed cell volume) of red cells
containing between 0.5 � 109 and 1 � 109 mature schizont-infected red cells was

washed with incomplete Cytomix (29), mixed with 100 �l of transfection con-
struct containing 50 �g of DNA, and electroporated (Bio-Rad GenePulser) in
three 700-�l aliquots at a pulse of either 1.5, 2, or 2.5 kV, with 25-�F capacitance
and 200-� resistance (the time constant ranged from 0.7 to 1.1 ms). Samples
electroporated under the same conditions were pooled, incubated on ice for 5
min, and used to initiate 20-ml in vitro cultures at a 10% hematocrit. Culture
medium was refreshed daily for 3 days to remove parasite material resulting from
dead parasites and lysed erythrocytes. After that, the medium was replenished
every other day. Pyrimethamine selection (25 ng/ml [final concentration] from a
stock solution in 0.5% lactic acid in phosphate-buffered saline) was started 24 h
after culture inoculation and maintained throughout the culture period.

DNA analysis. Total parasite DNA was isolated (Gentra Systems, Inc., Min-
neapolis, Minn.) directly from in vitro cultures or after Plasmodipur filtration of
P. knowlesi-infected rhesus monkey blood according to the manufacturer’s in-
structions. Parasite DNA was analyzed through plasmid rescue by electropora-
tion into E. coli, PCR, and Southern blotting according to standard procedures
(20). The PCR primers used for confirming integration into the CSP locus were
A (5�-GTGTCTATATTACCAACTC-3�) and B (5�-GTCAAAAAAGGGTCA
GTCAAAAAGGG-3�) (Fig. 1A).

Transmission studies. Rhesus monkeys were infected as described above, and
Anopheles stephensi mosquitoes were allowed to feed for 10 min on the shaven
chests of sedated monkeys 6 to 8 days after infection, when the parasitemia was
between 0.5 and 3%. Unfed mosquitoes were removed, and engorged mosqui-
toes were maintained at 26°C and 80% relative humidity. From day 6 onward,
midguts were dissected and examined by light microscopy (400� magnification)
to monitor oocyst development and sporozoite formation within oocysts.

RESULTS

Long-term in vitro culture of P. knowlesi. To improve the
versatility of the P. knowlesi transfection system (23), in vitro
protocols are required to allow the generation of genetically
transformed parasites without the need for primates. Trans-
formed parasites of the desired genotype can then be used in
vivo to study biological questions at the parasite-host interface.
Development of an in vitro transfection and selection protocol
required establishment of stable, long-term in vitro culture of
parasites. In vivo we have observed different growth character-
istics between the H strain and the Nuri strain. Nuri strain
reproducibly gives fulminating parasitemias with an average
15-fold multiplication rate that rises to �20% ca. 1 week after
infection. Some rhesus monkeys infected with H strain showed
similar parasite development but with a four- to fivefold mul-
tiplication rate. Others showed a rapid rise to ca. 5% para-
sitemia that subsequently developed into a chronic infection. P.
knowlesi H strain and Nuri strain, originating from cryopre-
served stocks or directly from an infected rhesus monkey, were
both successfully adapted to in vitro culture by using RPMI
1640 supplemented with 20% rhesus serum and an incubation
temperature of 36 to 37°C. After an initial lag phase of at least
3 weeks in which parasites were hardly detectable in the cul-
tures, adapted parasites emerged that now had been in con-
tinuous culture for �18 months (Fig. 2). Routinely, three- to
fourfold multiplication rates per 24 h were obtained for the H
strain and slightly higher (four- to fivefold) for the Nuri strain
parasites in static cultures, and parasitemias of up to 20%
could easily be obtained. Culture-adapted H-strain parasites
were subsequently adapted to growth in medium containing
20% human serum, in which similar growth rates were ob-
served. The use of temperatures of 39°C (the normal temper-
ature of rhesus monkeys) during cultivation slowed down the
parasite growth, and temperatures of 36 to 37°C appeared to
be the optimal growth temperature. Culturing parasites under
shaking conditions or in a rollerbottle system did not dramat-
ically improve growth rates, but rollerbottles now routinely
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supplied 1010 parasites from a 200-ml culture in a 2-liter flask.
Finally, culture-adapted parasites were cloned by limiting di-
lution (Table 1), demonstrating the feasibility of the procedure
required to obtain clonal parasite populations after transfec-
tion. The P. knowlesi H strain (either wild type or culture
adapted) was used in subsequent transfection experiments.

Culture-adapted parasites can be readily readapted to in
vivo growth. To determine whether P. knowlesi H strain that
had been maintained in culture for 11 months was still able to
grow in rhesus monkeys, a rhesus monkey was infected with 105

parasites. Patent parasitemia was observed after 12 days, and a
chronic low-level parasitemia developed with a peak para-
sitemia of 0.2%. On day 17, 1 ml of blood from this monkey
was transferred to a second rhesus monkey, and this monkey
developed a fulminating parasitemia from day 6 onward,
reaching 19% parasitemia on day 10. Two further infections

were initiated by using stocks from the first passage, resulting
in peak parasitemias of 5% on day 8 and 1.2% on day 10,
respectively. After the peak, the parasitemias declined in both
rhesus. Two rhesus monkeys were infected with a stock from
the second passage, and patency started on day 4, resulting in
4.2% parasitemia on day 7 and 6.3% parasitemia on day 9,
respectively. At that time, the animals were bled to provide
parasites for further transfection experiments. These results
indicate that the in vivo H-strain phenotype of either a fulmi-
nant infection or a chronic infection after a ca. 5% peak par-
asitemia is obtained after one passage through an immunolog-
ically intact rhesus monkey. When these parasites were
cultured in vitro again they immediately developed like in
vitro-adapted parasites, without any adaptation period.

Transfected P. knowlesi can be readily selected in vitro. By
using previously determined transfection conditions (23), P.

FIG. 1. DNA constructs and analysis of integration into P. knowlesi CSP locus after transfection. (A) Linear DNA construct designed for
integration into the P. knowlesi CSP locus. The 5-kb selectable marker cassette (TgDHFR cassette) contains P. berghei dhfr/ts flanking regions
controlling expression of mutagenized T. gondii dhfr/ts. Relevant restriction sites are indicated: R, EcoRI; P, PstI; H, HindIII; B, BamHI. (C) The
location of the PCR primers A and B and the specific probe used for Southern blotting are shown. ORF-containing sequences are marked with
an open arrow, and sequences used for targeted integration are indicated. (B) PCR analysis of transfected parasites. Lanes 1 to 3 show PCR with
CSP integration-specific primers A and B. Lanes: 1, P. knowlesi H-strain DNA; 2, PkCSPko clone DNA; 3, pDB.DTm.DB/CSPko vector DNA.
PkCSPko and the transfection construct were all positive for PCR with the two T. gondii dhfr/ts-specific primers (not shown). (C) Southern blot
analysis of transfected parasites. PstI-digested DNA from P. knowlesi H strain (lane 2), PkCSPko clone (lane 3), and the transfection vector
pDB.DTm.DB/CSPko (lane 1) was used to prepare a Southern blot. The blot was probed with a P. knowlesi CSP-specific probe (see panel A).
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knowlesi schizonts, derived either from an infected rhesus
monkey or from an in vitro culture, were transfected with
plasmids containing the T. gondii dhfr/ts selection cassette.
After transfection, parasites were maintained in 20-ml cul-
tures, and pyrimethamine selection was applied from day 1
onward. The only transfection condition that consistently re-
sulted in selection of transfected parasites was at 2.5 kV, 200 �,
and 25 �F. Pyrimethamine-resistant parasites emerged in cul-
ture after 21 days for parasites derived from the monkey and
after 8 days for in vitro-adapted parasites. Plasmid rescue from
the resistant pools of parasites demonstrated the presence of
plasmid DNA in an unrearranged form (not shown).

Targeted integration through double crossover can be ob-
tained in vivo as well as entirely in vitro. Previously, we re-
ported transfection of P. knowlesi with plasmids that were
maintained as episomes (23). To determine whether targeted
integration in this system is feasible with linear constructs, as
has been reported for P. berghei (24), an integration construct
for the P. knowlesi CSP locus was prepared. The construct had
0.93 kb of P. knowlesi CSP 5�-untranslated region (UTR) se-
quence located 5� of the selection cassette and 1.0 kb of P.
knowlesi CSP ORF sequence located 3� of the selection cas-
sette (Fig. 1A). Parasites derived from a rhesus monkey were
transfected with linearized constructs and selected in vivo as
described above. In parallel, the CSP knockout construct was
used to transfect in vitro cultured schizonts, and selection was
performed in vitro. As with the episomal transfections, 2.5 kV
consistently resulted in selection of pyrimethamine-resistant
parasites. In vivo and in vitro, pyrimethamine-resistant para-
sites were detected on day 8. Plasmid rescue experiments from
these parasites consistently failed to produce ampicillin-resis-
tant E. coli, suggesting the absense of (recircularized) episomes
within the transfected parasite populations. Cloning by limiting
dilution of in vitro-selected transfectants was started on day 8,
and clones were observed in thin films by day 18. Multiplica-
tion rates for these transfected parasites were about four times
per 24 h in vivo and about three times per 24 h in vitro. PCR
on in vitro-selected and cloned PkCSPko genomic DNA with

primers A and B (Fig. 1 A) (amplifying a 1.7-kb P. berghei
dhfr/ts 5�-UTR–CSP ORF region only present when targeted
integration has occurred) showed integration into the CSP
locus (Fig. 1B, lanes 1 to 3). This was also confirmed by South-
ern blotting with a 0.89-kb HindIII fragment (Fig. 1A) of the
CSP ORF as a probe. As shown in Fig. 1C, lanes 1 to 3, the
10-kb wild-type PstI fragment from the CSP locus (lane 2) is
converted to a 2.5-kb fragment in PkCSPko (lane 3) due to the
introduction of PstI sites contained in the transfection con-
struct.

CSP knockout P. knowlesi does not produce sporozoites in
oocysts. To examine the phenotype of CSP knockout P.
knowlesi, rhesus monkeys were infected with either P. knowlesi
H strain or the PkCSPko blood-stage parasites. The develop-
ment of parasitemia in both monkeys was similar, showing a
rapid rise to ca. 10% parasitemia on days 8 and 9 postinfection.
A. stephensi mosquitoes were allowed to feed on day 8 on the
wild-type infected monkey (0.9% parasitemia) and on days 6
and 7 on the PkCSPko-infected monkey (0.5 and 3% para-
sitemias, respectively). Fed mosquitoes were isolated and kept
at 26°C to allow oocyst and sporozoite development. From day
6 postfeeding onward, mosquitoes were dissected and midguts

TABLE 1. Cloning of in vitro culture-adapted P. knowlesi

Seeding
densitya

% Positive
wellsb

% Probability of
clonesc

No. of clones
obtained

100 100 0 0
20 100 0 0
4 100 0 0
0.8 75 46.2 0
0.16 21 91.7 5
0.032 4 98.4 1

a Average number of parasites used to start cultures in 24 wells of a 96-well
plate.

b Cultures were maintained for 30 days before being scored as negative.
c That is, the probability that parasites are derived from a single infected

erythrocyte, as calculated according to the method of Gritzmacher and Reese
(13).

FIG. 2. In vitro growth characteristics of P. knowlesi H strain. Parasitemia development over a 15-day period. Parasites were cultured as
described in Materials and Methods, and after 3 months the parasitemia level was determined daily and expressed as a percentage of infected red
blood cells. Arrows indicate the days on which the culture was diluted.
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were examined for the presence of oocysts and sporozoites.
Day 7 feeding of the PkCSPko resulted in the highest trans-
mission rates (100%), with ca. 50 oocysts per midgut. The
wild-type feeding resulted in 83% infection and ca. 26 oocysts
per midgut. Wild-type oocysts produced sporozoites in the
hemocoel from day 8 postfeeding onward, as determined by
lightmicroscopic examination of midguts (Fig. 3A and C).
Spontaneously ruptured oocysts showed release of sporozoites,
and rupture by applying gentle force to the coverslip also
released sporozoites from the oocysts. As expected, due to
rupture and release of sporozoites, the number of oocysts
dramatically declined from days 8 to 11 postfeeding. Salivary
gland sporozoites were not detected, since P. knowlesi sporo-
zoites are not able to invade the salivary glands of A. stephensi
(10). In contrast, in the PkCSPko oocysts no sporozoites de-
veloped, and this remained so until the experiment was
stopped at a point when the great majority of the wild-type
oocysts had matured and ruptured (Fig. 3B and D). The num-
ber of oocysts did not decline from days 8 to 12 as observed
with wild-type oocysts. PkCSPko oocyst development other-
wise appeared to be similar to that of wild-type oocysts, as
observed by light microscopy (Fig. 3A and B), resulting in
similar-sized oocysts at day 11.

DISCUSSION

The postgenomic analysis of the sequences now being ob-
tained for a range of malaria-causing species will require ver-
satile tools for genetic manipulation. Transfection permits
targeted genomic manipulation of malaria parasites to charac-

terize structural and functional relationships. Analysis of trans-
fected parasites in a natural host-parasite setting is not possible
with transfected human malaria parasites. In this respect P.
knowlesi, a natural parasite of M. fascicularis (9), is a system
with great potential because (i) the parasite is phylogenetically
closely related to human malarial parasites, such as P. vivax
(11) (in fact, the parasite can also infect humans [8]); (ii) an-
imal hosts are available for experimentation (6, 14); (iii) ani-
mal hosts are primates, enabling analysis of transfectant phe-
notypes in systems closely related to humans (15); and (iv) we
have developed in vivo transfection systems (23), allowing
functional genome analysis.

We have now further improved and extended the P. knowlesi
system in several ways to provide more widely available access
to genetic manipulation of this parasite species. First, two P.
knowlesi strains, Nuri and H, were adapted to long-term in
vitro growth by using simple protocols. This is important since
it obviates the need for primates as parasite donors to provide
parasites for genetic manipulation. Second, by using protocols
developed for in vivo selection of transfected parasites, trans-
fected parasites were selected in vitro based on the T. gondii
dhfr/ts gene providing resistance to pyrimethamine. This also
obviates the need for primates as transfected parasite recipi-
ents during the initial selection for transfectants and allows
development of new selectable markers, including those that
would otherwise be toxic to the host, exploiting the benefits of
complete in vitro selection.

Third, to determine whether gene targeting through double
crossover was possible in P. knowlesi or whether the lengthy P.
falciparum procedures needed to be adopted, transfection ex-
periments with linear DNA constructs designed to target the
CSP locus were performed. These experiments, performed in
vivo as well as in vitro, showed that targeted integration could
be obtained with linear constructs and entirely in vitro. Re-
cently, by using similarly designed constructs, the P. knowlesi
thrombospondin-related adhesive protein gene was also effi-
ciently disrupted (H. Ozwara et al., unpublished results). The
in vitro procedure allows for deriving cloned parasites within
18 days of transfection, demonstrating the relative speed of this
procedure compared to in vitro P. falciparum procedures, and
allowing high-throughput analysis of gene functions.

Recently, the P. knowlesi genome sequence to a threefold cov-
erage has become available (http://www.sanger.ac.uk/Projects
/P_knowlesi/). This greatly expands the possibilities for trans-
fection studies since homologues from P. falciparum genes
and from genes available from the expanding P. vivax gene
sequence tag database (http://www.ncbi.nlm.nih.gov/Malaria/
plasmodiumblcus.html) can now easily be identified in P.
knowlesi.

Finally, we have shown that parasites that have been growing
in vitro for a long period of time can readily readapt to in vivo
growth, displaying wild-type H-strain growth characteristics af-
ter a single passage through an intact rhesus monkey. This
observation is extremely important since in vitro-selected
transfected parasites will be vital tools for studying host-para-
site interactions. In vitro culture might lead to alteration of
expression of SICAvar genes (1, 2, 3) and thus to loss of
avoiding splenic clearence by sequestration, which can influ-
ence infectivity in nonsplenectomized rhesus monkeys. One
passage through an intact rhesus is apparently sufficient to

FIG. 3. Microscopic evaluation of wild-type and CSP knockout P.
knowlesi oocyst development in A. stephensi midguts. (A) Intact wild-
type oocyst 9 days postfeeding. (B) Intact CSP knockout oocyst 11 days
postfeeding. (C) Wild-type oocyst releasing sporozoites (marked with
arrows) 8 days postfeeding. (D) Force-induced rupture of CSP knock-
out oocyst 11 days postfeeding. Sporozoite release was never observed
in CSP knockout oocysts.
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select for parasites that are readily able to infect rhesus mon-
keys and that can still be cultured in vitro.

In this study in a nonhuman primate malaria of the P. vivax
type, we confirmed the earlier observations in a rodent malaria
of the essential nature of CSP in sporozoite development (18).
In P. knowlesi CSP is also critical for sporozoite formation in
developing oocysts in mosquito midguts, and the lack of CSP
expression results in absence of sporozoite formation. Unlike
the situation in P. berghei, oocysts of the CSP knockout have
similar morphology to wild-type oocysts, and the phenotype
only becomes clear at the time of sporozoite release. This
difference is mainly due to the fact that in P. knowlesi H-strain
oocysts sporozoites are not visible “like rays from the sun” as
described for P. berghei (18), and thus both wild-type and CSP
knockout oocysts show an undefined morphology.

The P. knowlesi system now provides a unique malaria trans-
fection system that allows for fast and simple in vitro genetic
manipulations and combines this with the opportunity to per-
form in vivo studies in a nonhuman primate that is closely
related to humans. It is the only malaria system described to
date that is amenable to genetic manipulation that combines
complete in vitro possibilities with studies in vivo in an animal
model that is closely related to humans. This fact makes P.
knowlesi highly suitable for the development of new antima-
larial drugs and vaccines, as well as for studying basic biological
questions in the postgenomic era at the parasite-host interface.
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